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Abstract
To develop an automated approach for 3D quantitative assessment and 
measurement of alpha angles from the femoral head-neck (FHN) junction 
using bone models derived from magnetic resonance (MR) images of the hip 
joint.
Bilateral MR images of the hip joints were acquired from 30 male volunteers 
(healthy active individuals and high-performance athletes, aged 18–49 years) 
using a water-excited 3D dual echo steady state (DESS) sequence. In a subset 
of these subjects (18 water-polo players), additional True Fast Imaging with 
Steady-state Precession (TrueFISP) images were acquired from the right hip 
joint. For both MR image sets, an active shape model based algorithm was 
used to generate automated 3D bone reconstructions of the proximal femur. 
Subsequently, a local coordinate system of the femur was constructed to 
compute a 2D shape map to project femoral head sphericity for calculation 
of alpha angles around the FHN junction. To evaluate automated alpha angle 
measures, manual analyses were performed on anterosuperior and anterior 
radial MR slices from the FHN junction that were automatically reformatted 
using the constructed coordinate system.
High intra- and inter-rater reliability (intra-class correlation 
coef!cients  >  0.95) was found for manual alpha angle measurements from the 
auto-extracted anterosuperior and anterior radial slices. Strong correlations 
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were observed between manual and automatic measures of alpha angles for 
anterosuperior (r  =  0.84) and anterior (r  =  0.92) FHN positions. For matched 
DESS and TrueFISP images, there were no signi!cant differences between 
automated alpha angle measures obtained from the upper anterior quadrant of 
the FHN junction (two-way repeated measures ANOVA, F  <  0.01, p  =  0.98).
Our automatic 3D method analysed MR images of the hip joints to generate 
alpha angle measures around the FHN junction circumference with very good 
reliability and reproducibility. This work has the potential to improve analyses 
of cam-type lesions of the FHN junction for large-scale morphometric and 
clinical MR investigations of the human hip region.
Keywords: alpha angle, femoroacetabular impingement, magnetic resonance 
imaging, cam lesion, hip joint, quantitative assessment
(Some !gures may appear in colour only in the online journal)
1. Introduction
Symptomatic cam-type femoroacetabular impingement (FAI) is frequently associated with 
bone exostosis of the femoral head-neck (FHN) junction which impact upon the acetabular 
labrum and cartilage particularly during #exion and internal rotation of the hip joint (Tannast 
et al 2007, Streit et al 2012, Aliprandi et al 2014). Cam lesions have been suggested to alter 
hip joint loading, which predisposes to labral and cartilage damage at the anterosuperior 
acetabular rim due to abnormal shear and compressive forces that may lead to degenerative 
joint disease (Wagner et al 2003, Tannast et al 2008). Accordingly, the detection and accurate 
quanti!cation of cam lesions, as a proposed risk factor in the development of hip osteoarthritis 
(OA) (Ganz et al 2003, Tannast et al 2008), is important for clinical investigations and evalu-
ation of treatments focusing on modifying the course of hip OA.
Traditionally, standard radiographs (x-rays) have been used to diagnose cam-type FAI 
involving bony deformities at the FHN junction (Meyer et al 2006). Cam lesion severity is 
frequently assessed using a two-dimensional (2D) alpha angle (Nötzli et al 2002). A value 
exceeding 50° is commonly used as an indicator of femoral head asphericity and irregularity 
of the FHN junction (Tannast et al 2007). However, alpha angle measures from planar x-ray 
images of the proximal femur have proven limitations in depicting the severity of cam lesions 
given the variable three-dimensional (3D) morphology and location of these bone deformi-
ties (Meyer et al 2006, Clohisy et al 2009, Dudda et al 2009, Barton et al 2011). Meyer 
et al (2006) reported that femoral head asphericity (based on alpha angle data) was likely to 
be underestimated from routine anteroposterior radiographs. Radiographic diagnosis of cam-
type FAI also had low intra- and inter-observer agreement (Cohen’s kappa coef!cients  <0.6) 
with structural features (e.g. head sphericity, head-neck offset/junction) (Clohisy et al 2009).
Computed tomography (CT) and magnetic resonance (MR) imaging provide volumetric 
data acquisition and multiplanar reconstruction allowing detailed 3D assessments of bone 
morphology at the FHN junction for enhanced measurement of cam lesions (Bedi et al 2012). 
In recent CT-based studies, 3D bone reconstructions of the proximal femur have been used for 
evaluation of femoral head sphericity using alpha angle measures from radial plane images 
(Beaulé et al 2005, Audenaert et al 2011) and model !tting (e.g. sphere, conchoid) (Harris et 
al 2013a, Masjedi et al 2013a). Principal component analysis (PCA) modelling has also been 
employed to investigate 3D shape variations in bone morphology around the FHN junction 
(Harris et al 2013b). In a patented method, Chabanas et al (2014) used an automatic approach 
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based around 3D surface models to determine the contour of the FHN junction and identify 
the location of cam lesions from CT images.
In MR imaging, manual or semi-automated selection and analysis of slices through the 
FHN junction obtained in one or several reformatted 2D planes is normally used for the assess-
ment of cam lesions (Nötzli et al 2002, Rakhra et al 2009). Sutter et al (2012) used radially 
reformatted MR images of the proximal femur for detecting the presence of cam lesions at the 
anterosuperior FHN junction and found a 60° alpha angle diagnostic cut-off value (sensitiv-
ity and speci!city ~70%) between symptomatic FAI patients and asymptomatic volunteers. 
However, alpha angle measurement derived from a limited number of reconstructed 2D planes 
does not fully evaluate the 3D morphology of the FHN junction, particularly given the variable 
presentation characteristics of cam lesions (Rakhra et al 2009). Recently, Kang et al (2013) 
assessed the entire circumference of the FHN junction using 2D diagnostic graphs derived 
from manual bone reconstructions of high-resolution T1w dual sense spin echo images, which 
yielded good discrimination between FAI patients (N  =  5) and asymptomatic volunteers 
(N  =  4). Therefore, the development of a 3D MR-based method for direct visualization and 
quantitative descriptions of the 3D bone morphology of the FHN junction would be extremely 
bene!cial for detailed analyses of cam lesions including evaluation of the magnitude/extent 
and epicentre of these bone protrusions. The automatic provision of reliable and reproducible 
quantitative morphological data (e.g. full circumferential alpha angles) would facilitate large-
scale research and clinical studies on cam FAI.
Here, we present a novel automated method for analysis of MR images of the hip joint 
based on our bone segmentation algorithm (Xia et al 2013) that allows 3D reconstruction 
of the proximal femur to determine FHN morphometric data and 360° calculation of alpha 
angles. In this paper, the automated measurement of alpha angles is validated against manual 
measures obtained from bilateral DESS images of the hip joints. Additionally, analyses of 
automated 3D reconstructions of the proximal femur and alpha angle measurements from 
paired DESS and True Fast Imaging with Steady-state Precession (TrueFISP) examinations 
are compared to assess the performance of our approach for MR images with different con-
trast characteristics.
2. Materials and methods
2.1. MR image datasets and acquisition protocols
Bilateral MR images of the hip joints were acquired from 30 male volunteers (including 
healthy active individuals and high-performance athletes without a history of developmental 
hip disorders, aged 18–49 years, body mass index 25.9  ±  2.6 kg m−2) using a 3D water-excited 
DESS sequence. In a subset of these volunteers (18 water-polo players), additional unilateral 
3D TrueFISP images were acquired from the right hip joint. The MR imaging was performed 
using a 3T MR scanner (Magnetom Trio; Siemens, Germany). A large 4-channel body matrix, 
with Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA) (×2) enabled, 
was used for image acquisition. The bilateral DESS scans were obtained with a large !eld 
of view (FOV) using the following parameters: TR/TE: 15.46/5.16 ms, #ip angle: 25°, slice 
thickness: 0.610 mm, FOV: 38.6  ×  24.1 cm2, image matrix: 576  ×  360 and in-plane spacing: 
0.670 mm. The TrueFISP examinations were obtained using a small FOV centred over the right 
hip joint with the following parameters: TR/TE: 10.65/4.46 ms, #ip angle: 30°, slice thickness: 
0.490 mm, FOV: 15  ×  15 cm2, image matrix: 320  ×  320 and in-plane spacing: 0.468 mm. Slice 
interpolation (K-space) was enabled in the unilateral TrueFISP scans to obtain an in-plane reso-
lution of 0.234 mm. Example coronal slices are presented in !gure 1 to illustrate the different 
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FOV coverage of the hip region between these two acquisition protocols. The medical research 
ethics committee of the University of Queensland approved the current study. Informed written 
consent was obtained from all participants involved in the research.
2.2. Manual alpha angle measurements
Manual measurements (ground truth) of alpha angles were performed on all 30 DESS (bilat-
eral) examinations by two raters: an experienced radiologist (Rater 1) and an experienced 
anatomist (Rater 2). From the 3D images of each hip joint, image reformation was auto-
matically performed using our proposed method (described below) to generate images from a 
series of radial plane slices to provide standardized (Rater independent) visualization of bone 
morphology for dedicated analyses in the upper anterior quadrant of the FHN junction. Both 
raters considered the auto-extracted radial slices to be consistent with manually reformatted 
images they had analysed during previous clinical studies. Following the method of Nötzli 
et al (2002), alpha angles were manually measured from two reformatted, auto-extracted 
radial slices: anterosuperior—45° and anterior—90° images (!gure 2). A plugin developed 
from our inhouse SMILI (Simple Medical Imaging Library Interface)5 package (Chandra et al 
2015a, Chandra et al 2015b) was used for all the preceding processes.
In the dataset of bilateral DESS images, the intra-rater (Rater 2) and inter-rater reliability 
for alpha angle measurements was determined for both the anterosuperior and anterior radial 
plane slices. All manual measurements were performed in a blinded fashion. The larger alpha 
angle from the two repeated measures of Rater 2 for each hip and both radial planes was used 
for comparison with the corresponding automatic measures in the present study.
2.3. Automated MR-based 3D bone reconstruction and alpha angle measurements
The full work#ow diagram for automated extraction of the 3D bone morphology of the proxi-
mal femur and measurement of alpha angles for assessment of cam-type lesions involves: the 
active shape model (ASM) based bone segmentation pipeline (Xia et al 2013), construction of 
a 3D local coordinate system (!gure 3(a)), automatic MR image reformation (!gure 3(b)) and 
alpha angle measurement (!gure 3(c)).
Figure 1. Example coronal slices of the paired (a) bilateral DESS and (b) unilateral 
TrueFISP images acquired from the same subject. The red rectangle indicates a smaller 
acquisition FOV used for the TrueFISP examination for the right-side hip joint.
5 Available at http://smili-project.sourceforge.net
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2.3.1. Automatic bone segmentation. In a pre-processing step, the bone surface of the proxi-
mal femur was automatically segmented from MR images using a 3D ASM-based method 
(Xia et al 2013). In brief, the automatic bone segmentation approach was applied to MR 
images of the hip region and consisted of (i) model initialization using a joint locator (Nishii 
et al 2004), (ii) coarse bone segmentation using composite statistical shape models (SSM) of 
the bone elements of the hip joint: a bilateral hip SSM (only for MR images encompassing 
bilateral hip joints) and SSMs of an individual hip joint, (iii) bone segmentation re!nement 
using SSMs of an individual bone element (proximal femur, os coxa) and (iv) bone surface 
relaxation without shape constraints. A further improvement to the above segmentation 
method involved, before bone surface relaxation, additional re!nement of the segmentation of 
the proximal femur using a focused SSM of the femur (Chandra et al 2014), which was built 
from the same training data but with pre-determined weights representing a speci!ed region of 
interest (ROI) corresponding to the FHN junction. This focused shape model provided lower 
reconstruction errors and higher segmentation accuracy for the selected ROI in this portion 
of the femur.
2.3.2. Automatic 3D reference coordinate system construction. Based on the segmented 3D 
bone surfaces of the femur, a point landmark for the femoral head centre (FHC) and two ref-
erence axes (femoral neck (FN) and femoral shaft (FS) axes) were automatically determined 
based on sample points within the ROIs of the femoral head, neck and proximal shaft of the 
femur, respectively (i.e. pre-de!ned in the atlas surface of the proximal femur shown in !g-
ure 3), for construction of a new local reference coordinate system.
 ̭ The FHC was initialized using the Hough transform (Nishii et al 2004) applied to MR 
images followed by an iterative least-square algorithm for 3D sphere !tting to the femoral 
head of the segmented bone model (the pre-de!ned ROI of ‘Fh’ in !gure 3(a)).
 ̭ The FN axis was determined as the central axis of an optimal one-sheeted hyperboloidal 
surface model (Masjedi et al 2013a, Sholukha et al 2011), which was best !tted to the 
3D point cloud of the femoral neck that was the pre-de!ned ROI ‘Fn’ in !gure 3(a) in the 
atlas model of the proximal femur. A random sample consensus paradigm (Fischler and 
Bolles 1981) integrated with the least-square-based quadric surface !tting algorithm (Dai 
et al 2007) was applied to estimate geometric parameters of this hyperboloid model and, 
Figure 2. Example manual alpha angle measurements for the (a) anterosuperior and 
(b) anterior positions of the FHN junction from auto-extracted 2D radial planes 
reformatted from bilateral DESS images.
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Figure 3. Work#ow diagram of automated alpha angle measurement scheme for 
assessment of cam lesions from MR images of the hip joint.
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simultaneously, to handle a major portion of outliers in the comparatively large number 
of sample points at the femoral neck.
 ̭ The FS axis was estimated by !tting an optimal elliptic cylinder model to the partial 
surface of the proximal femoral shaft (the ROI of ‘Fs’ in !gure 3(a)).
Based on the detected FHC, FN and FS axes, the segmented bone surface of the proximal 
femur was rigidly transformed to a local 3D reference coordinate system (x′, y′, z′) with the 
FHC as its origin. As illustrated in !gure 3(b), the Z′ axis was de!ned by the FN axis with 
its positive direction pointing towards the greater trochanter of the femur. The Y′ axis was 
along the normal direction of the 2D plane determined by the axes of FN and FS and pointing 
anteriorly and the X′ axis was aligned orthogonal to the resulting Y′ and Z′ axes and pointing 
superiorly. Each point (x′, y′, z′) was expressed using spherical coordinates (r, θ, ϕ), where 
r, θ and ϕ denoted the radius, inclination angle and azimuth angle of this point, respectively.
With the constructed reference coordinate system, the MR images were automatically 
reformatted into a series of standardized radial 2D slices centred at the FHC and rotated 
around the FN axis. This emulated the manual reformation process commonly performed in 
previous studies (Sutter et al 2012, Zilkens et al 2013).
2.3.3. Automatic alpha angle measurement. Based on the local spherical coordinates (r, θ, 
ϕ), a 2D shape map, following the work of Kang et al (2013), was generated to assess the 
sphericity of the femoral head, where radial distances dR from the FHC to the points of inter-
section with the bone surface of the femoral head were calculated and represented as a func-
tion of θ and ϕ. The generated 2D shape map (!gure 3(c)) was a 120-by-360 matrix used to 
describe the 3D surface of the femoral head and neck, in which each element denoted a direc-
tion from the FHC as a coordinate pair (θ, ϕ), where θ  =  1°, 2°, ..., 120° and ϕ  =  1°, 2°, ..., 
360°, and the intensity of each pixel was calculated as I(θ, ϕ)   =  dR/R, where R was the radius 
of the !tted sphere model.
With the computed 2D shape map of the femoral head, the FHN margin (!gure 3(c)) was 
automatically located by !nding a horizontal cut of the shape map with smoothness con-
straints allowing a maximum change of 1° between neighbouring columns. Thereafter, alpha 
angles for all the radial positions 1° ~ 360° (i.e. the entire circumference) of the FHN junction, 
were calculated for identi!cation of cam lesions with reference to alpha angle measures as 
well as provision of data on the location (e.g. the epicentre) and size (e.g. extent of exostosis) 
of abnormal bone protrusion around the FHN junction.
2.3.4. Automated work!ow time. For the bilateral DESS images, the entire automatic pro-
cessing and measurement steps took around 13–14 min for an MR examination from one indi-
vidual case using a normal PC (quad-core 2.53 GHz, 12 GB RAM). The majority of this time 
(i.e. ~12 min) was spent on bone segmentation (Xia et al 2013), from which the 3D femoral 
coordinate system and alpha angles around the entire circumference of the FHN junction were 
obtained. A similar computation time (<15 min) was required for automated analyses of the 
higher resolution unilateral TrueFISP images.
2.4. Validation method and statistical analyses
The validation of the bone segmentation was assessed using Dice’s similarity coef!cient 
(DSC) scores (Dice 1945) and mean absolute surface distance (MASD) values (Gerig 
et al 2001). The DSC score represents a spatial overlap (volume) index between the manual 
(ground truth) and automatic segmentations calculated as DSC  =  2NTP/(2NTP  +  NFP  +  NFN), 
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where NTP, NFP and NFN respectively denote true positive, false positive and false negative 
voxel counts. The MASD (in mm) is de!ned as:
[ ( ) ( )]= +d d S S d S S, , /2,MASD avg A M avg M A
where davg(SA, SM) is the average directed surface distance from all points on the automatic 
surface SA to the manual surface SM.
To visualize the distribution of segmentation errors locally at speci!c ROIs (i.e. the femo-
ral head and neck), directed Hausdorff distances dHausdorff (SA, SM) (Commandeur et al 2011) 
were presented in this study, which are de!ned as:
d S S d v S v S, max , , ,Hausdorff A M A M A A( ) { ( ) }= ∈
where SA and SM are automatic and manual segmentation surfaces, respectively. Further, 
biases of the 3D coordinate systems constructed from MR images using the different DESS 
and TrueFISP acquisition sequences were compared using root mean square (RMS) errors 
(mm) for the FHC and angular differences (degrees) for the FN and FS axes.
All statistical analyses were performed using the R statistical package and p  <  0.05 was 
set as an a priori signi!cance level in the current study. The intra-class correlation coef!cient 
(ICC), with 95% con!dence intervals (CI), was used to evaluate the intra- and inter-rater reli-
ability of manual alpha angle measures. The agreement between manual and automatic alpha 
angle measurements was assessed using linear regression and Pearson’s correlation coef!-
cients, with categorization of signi!cant values of r  =  0.60–0.79 as strong and 0.80–1 as very 
strong correlations (Harris et al 2014). Bland–Altman plots (Bland and Altman 1986) were 
used to visualize the agreement in alpha angle measures between the manual and automatic 
approaches. In terms of comparing the automated measures between the paired DESS and 
TrueFISP datasets, a two-way repeated measures ANOVA was performed using alpha angle 
data obtained at 4 positions in the upper anterior quadrant of the FHN junction.
3. Results
For all 3D bilateral DESS and unilateral TrueFISP examinations, the automatic scheme pro-
vided successful segmentations of the proximal femur allowing 360° measurement of alpha 
angles around the FHN junction. No user-interaction was required for any of the automatic 
segmentation and quanti!cation steps or for any post-hoc manual editing of the resulting bone 
surfaces and alpha angle measures.
3.1. Intra- and inter-rater reliability of manual alpha angle measures from auto-extracted 
slices
The intra-rater reliability (Rater 2) for manual measurement of alpha angles from the 
auto-extracted reformatted radial slices from the DESS images was very high for both the 
anterosuperior (ICC(1,1)  =  0.98; 95% CI: 0.96–0.99, p  <  0.01) and anterior positions 
(ICC(1,1)  =  0.97; 95% CI: 0.95–0.98, p  <  0.01). Likewise, the inter-rater reliability for 
manual measurement of alpha angles from these auto-extracted radial DESS slices was very 
high for both the anterosuperior (ICC(2,1)  =  0.95; 95% CI: 0.91–0.97, p  <  0.01) and anterior 
positions (ICC(2,1)  =  0.96; 95% CI: 0.94–0.98, p  <  0.01). Linear regressions for the manual 
alpha angle data obtained by the Raters revealed very small biases of  −0.94°  ±  3.50° and 
0.12°  ±  3.50° for the measures from the anterosuperior and anterior radial plane slices with 
very strong correlations of r  =  0.96 and 0.95 (p  <  0.01), respectively.
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3.2. Comparisons between manual (ground truth) and automatic measures
3.2.1. Bone reconstruction. Automatic bone reconstructions of the proximal femur 
obtained from the DESS images were validated against the corresponding manual segmen-
tations reported in our previous work (Xia et al 2013). It achieved MASD and DSC val-
ues of 0.80  ±  0.21 mm and 0.95  ±  0.01, respectively, which compared favourably with the 
intra- and inter-rater reliability for manual bone segmentations of the proximal femur having 
mean DSC scores ~0.97 (Xia et al 2013). For the TrueFISP images, the corresponding DSC 
and MASD values between the manual and automatic segmentations were 0.95  ±  0.01 and 
0.99  ±  0.19 mm, respectively. The mean and standard deviation (SD) of the directed Haus-
dorff distances are shown in !gure 4 to illustrate the accuracy of the segmented femur sur-
faces, particularly at the femoral head and neck, and view the distribution of segmentation 
errors across various anatomical regions. The average Hausdorff distance for the femoral head 
and neck was under 0.8 mm with a very small variance, which indicates accurate bone delinea-
tion within this region achieved by the automatic segmentation scheme.
3.2.2. Alpha angle measurements. There were very strong positive, statistically signi!cant 
correlations between the manual and automatic alpha angle measures obtained from the DESS 
images for both the anterosuperior (r  =  0.84, p  <  0.01) and anterior (r  =  0.92, p  <  0.01) 
positions (!gures 5(a) and (b)). Bland–Altman plots (!gures 5(c) and (d)) indicated aver-
age angular differences of  −2.49° (SD: 7.34°) and  −4.01° (SD: 3.98°) between the manual 
and automatic alpha angle measurements at the anterosuperior and anterior positions of the 
FHN junction, respectively. In !gure 5(a), the extreme outlier was related to a focal ossi!ca-
tion within the anterosuperior femoral cartilage observed by both raters (manual alpha angles 
~80°) but no de!nitive bony protrusion (automatic alpha angle ~40°).
Figure 4. (a) Mean and (b) standard deviation maps of directed Hausdorff distance 
computed from validation results of the bilateral DESS (N  =  30) and unilateral 
TrueFISP (N  =  18) examinations.
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3.3. Comparisons between automatic measures of alpha angles from DESS and TrueFISP 
images
Comparisons of the constructed coordinate systems using automated bone segmentations 
from the matched 3D DESS and TrueFISP scans (18 individuals, right hips) showed a mean 
RMS error of 0.83 mm (SD: 0.72 mm) for the FHC location and mean angular differences of 
2.11° (SD: 0.94°) and 0.43° (SD: 0.49°) for the FN and FS axes, respectively. Figure 6 shows 
representative examples of the reformatted 2D radial plane slices at four different positions 
within the upper anterior quadrant of the FHN junction extracted from DESS and TrueFISP 
scans in cases having larger alpha angles (e.g.  >60°) consistent with cam-type lesions and 
smaller alpha angles (e.g.  <50°) without cam-type lesions. Figure  6 also illustrates that 
Figure 5. Statistical analyses of alpha angles at the positions of (a, c) 45° and (b, d) 
90° of the FHN junction measured between the manual method based on automatic 
image reformation process and the proposed automatic assessment scheme from 30 
bilateral DESS images: (a) and (b) are the scatter plots with the regression lines (r is the 
Pearson’s correlation coef!cient), (c) and (d) are the Bland–Altman plots.
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despite differences in the contrast characteristics between the DESS and TrueFISP images, 
the automatic image reformation process is consistent using 3D local reference coordinates 
derived from the related automatic bone reconstructions of the proximal femur.
Figure 7(a) shows the mean (±95% CI) alpha angle curves computed from the automatic 
measures between the DESS and TrueFISP images. There was good agreement of alpha angles 
across all the locations 1° ~ 180° of the FHN junction obtained using our method, where the 
largest alpha angle was likely to be located within the upper anterior quadrant between 45° 
and 75° positions of the FHN junction. In !gure 7(b), for four different pre-selected positions 
corresponding to 30°, 45°, 60° and 90°, there were strong correlations with Pearson’s correla-
tion coef!cients r  =  0.86, 0.78, 0.83 and 0.94 (p  <  0.01) achieved between alpha angle meas-
ures from these two MR sequences. The two-way repeated measures ANOVA test showed no 
signi!cant effects for MR sequence (i.e. DESS and TrueFISP) on the automatic alpha angle 
measures (F  <  0.01, p  =  0.98), although, as anatomically expected, there was a strong main 
effect for measurement position (F  =  14.36, p  <  0.01). There was no signi!cant interaction 
between MR sequence and measurement positions of the FHN junction (F  =  1.5, p  =  0.21).
4. Discussion
We have successfully developed a quantitative assessment method for analyses of MR images 
of the hip joint that automatically evaluates 3D bone morphology and provides 360° calcula-
tion of alpha angles around the FHN junction. At the anterosuperior and anterior FHN posi-
tions, as investigated in previous clinical studies (P!rrmann et al 2006, Dudda et al 2009, 
Figure 6. Representative auto-extracted 2D radial slices at four different positions in 
the upper anterior quadrant of the FHN junction (from left to right, 30°, 45°, 60°, 90°) 
from (top) DESS and (bottom) TrueFISP examinations of the right hip joints with (a) 
big and (b) small alpha angles (red arrows indicating the perceptible cam-type lesion).
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Rakhra et al 2009), there were very strong correlations (r  >  0.8) between the manual (ground 
truth) and automatic alpha angle measures as derived from the ASM-based 3D segmenta-
tions of the proximal femur. Moreover, our method showed good reproducibility for automatic 
alpha angle measures derived from the paired DESS and TrueFISP images, which yielded 
strong correlations (r  >  0.78) of alpha angles acquired across multiple sites in the upper ante-
rior quadrant of the FHN junction (see !gure 7(b)).
Alpha angles measured at one or two locations of the FHN junction in a traditional 2D 
manner have shown limited sensitivity for discrimination between asymptomatic and symp-
tomatic (FAI) hips (Jung et al 2011, Sutter et al 2012). Recently, Lepage-Saucier et al (2014) 
found the ranges of anterosuperior and anterior alpha angles in asymtomatic hips exceeded 
Figure 7. (a) Average alpha angle curves with regions of 95% CI across all positions 
0°–180° of the FHN junction and (b) linear correlation plots and boxplots of alpha 
angles at four pre-selected positions (30°, 45°, 60°, 90°) in the upper anterior quadrant 
of the FHN junction in the reproducibility test between paired DESS and TrueFISP 
scans.
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the 50°–60° cutoff thresholds for cam-type FAI. Our method offers the direct visualization 
and 360° measurement of the FHN junction on a patient-speci!c basis as shown in !gure 8. It 
exploits the superiority of 3D analysis allowing detailed examination of alpha angle sizes and 
distribution characteristics (e.g. epicentre and extent of these osseous protrusions, see polar 
plots in !gure 8) for assessing the full extent and shape of cam lesions. With 360° calculation 
of alpha angles around the FHN junction, the maximum alpha angle (red arrows in !gure 8) 
can be determined, which can serve as the basis for further focused evaluation of the lesion 
as well as the damage to its surrounding soft tissues (e.g. the labrum and articular cartilage). 
Therefore, this fully automated approach offers the capacity to provide comprehensive 3D 
morphometric assessment and improved characterization of alpha angle data (e.g. the abnor-
mal threshold, reference intervals in asymptomatic/symptomatic hips), for assistance in diag-
nosis and monitoring of cam-type FAI.
For the bilateral DESS images, manual measurements of alpha angles from auto-extracted 
radial slices at the anterosuperior and anterior positions of the FHN junction showed very high 
Figure 8. Example assessment results for hip joints having (a) smaller anterosuperior 
and anterior alpha angles, (b) a larger anterosuperior alpha angle, (c) larger 
anterosuperior and anterior alpha angles: (from left to right) polar plots of alpha angles 
(blue dots) around the FHN junction, anterosuperior radial slices, anterior radial slices 
and 3D bone models of the segmented proximal femur surfaces. The red circles in 
the alpha angle diagrams indicate the average alpha angle contour computed from the 
bilateral DESS images (i.e. 60 hips).
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intra- and inter-rater reliability (ICCs  >  0.95). The excellent reliability of these ground truth 
measures was, in large part, attributed to the standardized, auto-extraction of the radial slices 
(see !gure 2), which avoided the intra/inter-rater inconsistencies (subjective biases) associated 
with traditional manual image reformation processes. Although direct visualization of the 
auto-extracted 2D radial slices (!gure 3(b)) is not necessary for the automated measurement 
of alpha angles from the current assessment scheme, all images are readily obtained to allow 
further evaluation or review by expert observers.
Our automatic approach is ideally suited for MR analyses of FHN alpha angles in both indi-
vidual patients and in population-based investigations of asymptomatic (apparently healthy) 
and FAI cohorts. For the large range of alpha angles (41° to 88°) from the anterosuperior and 
anterior positions obtained in the current study, there was very favourable agreement between 
the fully automated and manual measures. The exceptionally robust performance of the auto-
matic measurement approach using a 2D shape map of the femoral head for determining alpha 
angles across individuals with ‘normal’ values (e.g.  <50–55° (Nötzli et al 2002, Nouh et al 
2008)), ‘high’ values (60–70°) and ‘very high’ values (>70°) attests to the effectiveness of 
this method to analyse a wide variety of bone morphologies occurring at the anterosuperior 
and anterior positions of the FHN junction. Similarly, very strong correlations between the 
manual and automated alpha angle measures for the anterosuperior (r  =  0.84) and anterior 
(r  =  0.92) positions were obtained across these two different locations where typically the 
anterosuperior slice pro!le demonstrates a greater concavity of the FHN junction (!gure 6).
The current work builds upon our studies into the morphometry of the osteochondral ele-
ments (e.g. bones and cartilages) of the human hip region focusing on the development of 
automated analysis to facilitate larger-scale research and clinical MR studies for pre- and early 
hip OA (Xia et al 2013, 2014, Chandra et al 2015c). Our proposed method provides reliable 
quantitative data on cam lesions, which has the potential to enhance the diagnosis and treat-
ment of this pre-osteoarthritic condition aimed at reducing cartilage degeneration in the hip 
joint (Ganz et al 2003). To facilitate clinical application of the current work, future investiga-
tions involving fuller evaluation of the automated measurement method with larger subject 
cohorts with varied demographics (e.g. asymptomatic and symptomatic, males and females, 
different age groups) and clinical MR sequences (e.g. 2D or 3D fast spin-echo) would be 
bene!cial. Similarly, further work to include and validate the automatic measurement of a 
suite of parameters such as the FHN offset (Tannast et al 2007), triangular index (Gosvig 
et al 2007) and 3D head-neck ratios (Masjedi et al 2013b) along with the alpha angle measures 
as validated in the current assessment scheme would enhance efforts targeting morphometric 
quanti!cation of cam lesions. In addition, our automated assessment method can be readily 
extended in future work to provide simultaneous 3D measurements from the acetabulum for 
parallel analysis of pincer-type lesions in FAI (Tannast et al 2007, Dandachli et al 2012).
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